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Abstract 
In the present paper we investigated seven synthetic and eleven commercial amine based absorbents with systematic modification 
of their chemical structures. A 30wt% of these aqueous amine solutions were used for performance evaluation. Three laboratory 
experiments, which were gas scrubbing test, reaction calorimetry and vapor-liquid equilibrium measurement, were conducted in 
order to obtain fundamental information on their absorption rate, saturated CO2 loading, absorption capacity, heat of reaction and 
cyclic capacity. The results of these absorbents were then compared with conventional absorbents MEA and MDEA which were 
chosen as the base case for all comparisons. We found four high performance absorbents with advantages of high absorption rate, 
high cyclic capacity and low heats of reaction compared with MEA and MDEA. It is expected that the use of lower reaction 
enthalpy and higher absorption rate can reduce absorbent regeneration energy costs significantly. The results presented in this 
paper can provide basic guidelines for finding potential secondary and tertiary amine based absorbents that may lead to a better 
approach for the development of new absorbent systems in the CO2 capture area. 
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1. Introduction 
CO2 is widely known as a representative greenhouse gas that causes global warming and climate change problems. 
The removal of CO2 from large point exhaust gas streams is definitely a promising step to mitigate these problems. 
We need to begin large-scale CCS (CO2 capture and storage) deployment immediately on multiple fronts to reduce 
greenhouse gas emissions. To date, amine-based CO2 capture technology has been widely developed for post-
combustion CO2 removal due to its wide commercial acceptance. In amine-based absorption processes, it is 
estimated that more than half of the capture cost is caused by absorbent regeneration, and for the practical 
application it is essential to reduce absorbent regeneration energy consumption by developing more advanced 
absorbents. It was reported [1-4] by a number of researchers that task-specific hindered secondary and tertiary amine 
absorbents are promising for regeneration energy saving for CO2 capture. Our mission is to explore and develop 
energy efficient new absorbents, so we focused on the development of hindered secondary and tertiary 
alkanolamine-based CO2 absorbents to remove CO2 from blast furnace gas in steel making industry. 
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In the previous studies, commercially available amine absorbents were broadly investigated by a number of 
researchers. For example, the relation between absorption/desorption rates and amine structure was investigated 
from the screening tests (Bonenfaout et al., 2003) [5]. Measurements of vapor-liquid equilibrium (VLE) of amine 
solvent and heat of reaction were also studied (Jou et al., 1994, Mathonat et al., 1998, Mimura et al., 2005) [6-8]. 
Recently, a new class of amines referred to as sterically hindered amines, such as 2-amino-2-methyl-1-propanol 
(AMP), and 2-Piperidineethanol (2-PPE) have been proposed as commercially attractive new solvents for acid gas 
treating over commercial amines such as monoethanolamine (MEA), diethanolamine (DEA), 2-(ethylamino)ethanol, 
(EAE), and N-methyldiethanolamine (MDEA) [9-10]. There is very little information available regarding rationally 
disigned new synthetic amines or amino alcohols. Recently, new types of amino alcohols were synthesized by 
Maneeintr et al [11] was applied to promote CO2 capture performance. Searching new absorbents is a worthwhile 
endeavor, especially when the question appears regeneration energy saving. However, it is imperative that these 
efforts also focus on the creation of materials that can be prepared rapidly and economically and preferably in a 
modular design to facilitate the tuning of their structures and properties. To overcome this multi-faceted challenge, 
we design, synthesis and investigated seven hindered amine based CO2 absorbents with particular modification of 
their chemical structures. At the same time eleven potential commercially available amine absorbents were also 
investigated. We are please to report that these resulting CO2-philic hindered amines may be a potentially very good 
absorbent for capturing CO2 from blast furnace exhaust gases. 
 
Previous research of our group has provided useful information on various amine absorbents [12-13]. Those 
amine absorbents were evaluated on their CO2 loading capacity, heats of reaction and absorption rates by 
comparison to MEA, AMP and MDEA and drew results we found that there exists a structure-performance 
relationship. The relationship between heat of reaction and CO2 absorption rate, as determined experimentally, for a 
primary MEA, a secondary amine DEA and a tertiary amine MDEA are shown in Figure 1. It is apparent from 
Figure 1 that the heat of reaction and absorption rate of amines is dependent on the substituent feature of nitrogen 
atom which is an interactive site with CO2 because MEA reacts with CO2 faster than AMP, then DEA and MDEA. 
Figure 1 also shows hindered amines such as DEA and MDEA possesses less reaction heat and low rate of 
absorption compared with unhindered amine MEA. In this study, firstly we tried to find excellent single amines with 
higher absorption rate, higher cyclic capacity and lower heat of reaction from screening test then advanced blended 
amine absorbents were developed for task specific industrial requirement of CO2 removal. Advanced blended 
solvents will be presented near future else where. 
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Figure 1. Preferred research target of this work. Three conventional absorbents [19. MEA, 20. DEA and 
21. MDEA] absorption rate, cyclic capacity and reaction heat experimental performances relationship 
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2. Material Synthesis 
Synthesis of new absorbents is very laborious. A tremendous amount of experimental work has to be done on 
characterizing the new solvents with respect to different properties; for example: rapid and economic synthesis was 
done by one pot-pot synthesis with high purity yield (>95%), high CO2 screening (high absorption rate, high cyclic 
capacity and low reaction heat) was done by particular chemical structures tuning (e.g. aliphatic 
monoalkanolamines, aliphatic dialkanolamines and cyclic alkanolamines, etc.) and alkyl substituents (e.g. methyl, 
propyl, isopropyl, isobutyl, secondary butyl etc.), around the amino group. The hindered amine absorbents were 
synthesized in our laboratory by the reaction of alkylamine or alkanolamine with their corresponding chloroethanol 
or alkylhalides (Compound 1, 2, 4, 6, 7 and 16), and Eschweiler-Clarke methylation reaction (compound 17). 
Scheme 1 shows synthetic amines preparation procedure. Synthesized amines purity was maintained >95% and their 
structure determination were established by GC, LC-MS and NMR spectroscopy. Commercially available amines 
were purchased from Sigma Aldrich chemical Co. Wako Pure Chemical Industries and Tokyo Kasei Kogyo Co. Ltd. 
and were used without any further purification. Investigated amine absorbents short name and their chemical 
structures are shown in Figure 2.For all amines a 30wt% aqueous solution was used for the gas scrubbing test, 
vapor-liquid equilibrium test and heat of reaction measurements. The detailed equipments and experimental 
procedures of the above mentioned tests were explained in our previous work [1]. 
 
 
 
 
 
Figure 2. Investigated amine absorbents short name and their chemical structures 
Scheme 1. Synthesis of amine absorbents PAE, PAP, IPAE, SBAE, IBAE, IPDEA and 1M-2PPM 
Synthetic amine preparation:
K2CO3
R = Propyl, Isopropyl, sButyl, isoButyl
Purity>95%
Compound: 1. PAE, 2. PAP,
4. IPAE, 6. SBAE, 7. IBAE
R-N-(CH2CH2OH)2
R-NH2 + Cl-CH2CH2-OH R-NH-CH2CH2-OH
R-Br + NH(CH2CH2OH)2
K2CO3
16. IPDEA
Purity>98%
N
H
OH
+ 37% HCHO + HCOOH (96%)
N OH
17. 1M-2PPE
Purity>98%
R = Isopropyl
HCOONa
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3. Results and Discussion 
Gas scrubbing test: Figure 3 shows a typical result obtained from a gas scrubbing test. An amount of absorbed 
CO2 in the aqueous amine solution, “CO2 loading” was estimated from the measured CO2 concentration of the outlet 
gas flow. The curve of CO2 loading with time showed CO2 loading at 40ϨC and 70ϨC clearly. A gradient of the 
curve at a half point of the 60-minute CO2 loading was calculated as an absorption rate. The absorption rate is not 
chemical reaction rate but CO2 transfer rate from gas phase to liquid phase. This reference index was used to 
understand the relative behavior of an amine aqueous solution for others. The difference of CO2 loading between 40
ϨC and 70ϨC defined as cyclic capacity between 40ϨC and 70ϨC. The reproducibility of the experiments was 
checked, and the error in all of the experimental measurements was found to be less than 3%. The gas scrubbing 
experimental results for seven synthetic absorbents (1-2, 4, 6-7, 16-17), eleven commercial absorbents (3, 5, 8-15 
and 18) and three conventional absorbents (19-21) are presented in Table 1. The saturation is reached for all 
compounds within the experimental time frame one hour for absorption, enables a comparison of absorption rates 
and saturation values. The relative performances comparison of all tested amines in Table 1 is divided into two 
categories For example; secondary amines (1-11) performances are compared with MEA and .tertiary amines (12-
18) performances are compared with MDEA.  
Table 1 shows the result summary of all screening amines with regards to their absorption rates, saturated CO2 
loading and cyclic capacities. Absorption rate is the gradient of the half point of CO2 loading at 40ϨC. nBAE, PAE, 
IPAE showed similar absorption rate compared to MEA, the others PAP, IBAE, 2PPM, 2PPE are comparable but 
tBAE and SBAE were poorer to MEA. The slow CO2 absorption rate of the 
tBAE and SBAE relative to MEA 
indicates that the presence of bulky alkyl groups around the reaction site causes too much of a physical barrier thus 
greatly decreasing the absorption rate. The cyclic capacity of secondary amines compared with MEA is high 
because of CO2 absorption by bicarbonate anion. IPAE, 
tBAE and SBAE solution was larger than the other 
secondary amine solutions. Three tertiary amines DMAB, DMAH and 1M-2PPM shows excellent absorption rate 
compared to MDEA. From Table 1 tertiary amines CO2 absorption rate followed the order 
MDEA<DMAH<DMAB<1M-2PPE<DEAE<2PPE<DEAP<IPDEA. All tertiary amines possess higher cyclic 
capacity compared with MDEA. The low absorption rate of IPDEA may be attributed to the presence of two 
hydroxyl groups. Because the alcohol groups in the molecular structure tend to reduce the basicity of amines, while 
alkane groups tend to increase the basicity. For example the pKa values for MDEA, TEA (Triethanolamine) and 
IPDEA are 8.51, 7.72 and 9.12 respectively [14]. Screening results provided clear trends concerning the structural 
effects of hindered amine absorbents. For secondary amines propyl, nbutyl, isopropyl, isobutyl, 2 and 4-substituted 
Figure 3. Characteristics obtained from a gas scrubbing test 
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piperidine rings were found to be the most suitable substituted functional groups for the enhancement of absorption 
rate and isopropyl, tbutyl and secondary butyl groups for cyclic capacity. For tertiary amines methyl and ethyl 
groups were found to be the most suitable substituted functional groups for the enhancement of absorption rate. 
Heat of Reaction: Table 1 shows the results of reaction calorimetry. “Heat of reaction” means the enthalpy 
difference between fresh aqueous amine solution and CO2-loaded solution. The general order of heat of reaction for 
conventional amines became primary>secondary>tertiary as expected from previous measurements (Figure 1). 
Table 1 also shows that the heat of reaction for all secondary amino alcohols is much lower than the conventional 
MEA absorbent. Among secondary absorbents two piperidine derivatives 2PPE and 4PPE shows slightly higher 
reaction heat. All measured tertiary amines have similar reaction heat compared to MDEA except synthetic 1M-
2PPE exhibits lower reaction heat. Figure 4 shows the relationship between heat of reaction and CO2 absorption rate 
between conventional amines and specific absorbents in this study. As mentioned in Figure 1, there was a trade-off 
relationship between heat of reaction and absorption rate for primary, secondary and tertiary amines. That is, 
absorbents with greater absorption rate values tend to generate greater heats of reaction with CO2. However, the 
results in this study showed most of the absorbents were plotted at outside of the trade-off relationship formed by 
the conventional amine absorbents. Namely, secondary nBAE, IPAE, IBAE 2PPM and tertiary DMAB, DMAH, 
1M-2PPE solvents had a unique performance that they had a feature of a low heat of reaction and kept a moderately 
high absorption rate. 
Table 1. Experimental results for screening and heat of reaction tests 
Amine 
Absorbents 
Absorbents 
30wt% 
aqueous 
solutions 
Absorption 
rate a 
g-CO2/ 
L-soln./min 
Absorption 
amount b 
g-CO2/ 
L-soln. 
Regeneration 
amount c 
g-CO2/ 
L-soln. 
Cyclic 
capacity d 
g-CO2/ 
L-soln. 
Reaction 
Heate 
kJ/ 
mol-CO2 
1 PAE 5.32 84 70 14 68.4 
2 PAP 5.02 86 68 18 68.9 
3 nBAE 5.45 75 62 13 63.9 
4 IPAE 5.21 100 69 31 63.5 
5 tBAE 2.75 96 72 24 65.6 
6 SBAE 4.17 90 66 24 67.4 
7 IBAE 5.14 71 56 15 62.8 
8 2PPM 5.13 89 72 17 64.4 
9 4PPM 4.80 89 77 12 59.0 
10 2PPE 5.06 89 76 13 70.8 
11 4PPE 5.30 82 73 9 71.4 
12 DMAB 3.23 93 59 34 61.7 
13 DMAH 3.95 79 50 29 60.1 
14 DEAE 2.88 92 58 34 58.9 
15 DEAP 2.60 89 64 25 60.4 
16 IPDEA 2.43 60 34 26 59.7 
17 1M-2PPE 3.17 77 52 25 56.4 
18 1PPE 2.71 73 38 35 62.9 
19 MEA 5.37 115 105 10 86.9 
20 DEA 3.04 69 53 16 68.9 
21 MDEA 1.56 55 31 24 58.8 
a
Absorption rate calculated at 50% of total CO2 loading, 
b
Maximum CO2 loading at 40 , 1h, c
Maximum regeneration at 70 , 1h, Difference of CO2 loading between (40 ~70 ), e
Reaction heat measured between  = (0.4 ~ 0.6) mol-CO2/mol-amine at 40  
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Vapor-liquid equilibrium (VLE): Solvents that showed superior performance (higher absorption rate, higher 
cyclic capacity and lower reaction heat) from screening tests were selected for the evaluation of their vapor-liquid 
equilibrium property. We measured CO2 solubility in amine-containing solutions with a vapor-liquid equilibrium 
apparatus at CO2 partial pressures ranging from 5 to 100 kPa and temperatures ranging from 40 to 120 C. First, to 
verify the applicability of the experimental setup and the procedure used in this study, the solubility of CO2 in 30 
wt% MEA aqueous solution at 40 C was repeatedly measured at partial pressures of CO2 ranging from 4.49 to 
106.19 MPa. The results were compared with data previously reported in the literature[15]. The experimental  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
results are presented in Figure 5, the results are found to be in good agreement with literature over the entire 
pressure range considered in this study indicating good reproducibility of the experimental setup and procedure. 
Two secondary IPAE, 2PPM and two tertiary DMAB, DEAE absorbents along with three reference absorbents 
MEA, DEA and MDEA were selected for the evaluation of their vapor-liquid equilibrium property. For each 
absorbent, measurements under conditions with two temperatures, 40, and 120 C and partial pressures of CO2 
ranging from 20 to 100 kPa were conducted. The experimental results are given in Table 2. 
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Figure 4. The trade-off between reaction heat and CO2 absorption rate 
Figure 5. Comparison of this work and literature solubility of CO2 in 30wt% MEA aqueous solution 
1
10
100
1000
0 0.2 0.4 0.6 0.8 1
This work
Jou et al (1995)
120, 100, 70, 40 
30wt%_MEA
CO2 loading (mol-CO2/mol-amine)
C
O
2
pa
rt
ia
l p
re
ss
ur
e 
(k
P
a)
C
O
2
pa
rt
ia
l p
re
ss
ur
e 
(k
P
a)
 Firoz Alam Chowdhury et al. /  Energy Procedia  37 ( 2013 )  265 – 272 271
The experimental results of the selected four promising absorbents (IPAE, 2PPM, DMAB and DEAE) compared to 
conventional amines (MEA and MDEA) at various conditions are presented in Table 2. The effective CO2 loading is 
the difference between absorber (40 C and 20kPa) and regeneration (120 C and 100kPa) conditions of the CO2 
capture system. The effective CO2 loading, is a key index that determines the net cyclic capacity in the CO2 
industrial capture system. Experimental results from Table 2 shows that hindered secondary absorbents IPAE (66.7 
g-CO2/L-soln.) and 2PPM (60.0 g-CO2/L-soln.) have much higher cyclic capacity than conventional MEA (37.2 g-
CO2/L-soln.). Tertiary absorbents DMAB and DEAE also provide far greater cyclic capacities than MDEA. The 
cyclic capacity differences compared with MEA are higher by 79.30% for IPAE, 61.29% for 2PPM, 77.68% for 
DMAB and 86.55% for DEAE. This means, these four absorbents absorb more CO2 and release more CO2 off at 
high temperature. Good VLE property will reduce liquid flow rate and steam required for CO2 recovery. This 
advantage can result in lowering solvent regeneration cost for gas treating process thereby making it more 
economically feasible. 
Table 2. Selected amines CO2 solubility (40-120 ) at the partial pressure of (20-100)kPa 
Amine 
Absorbents 
Absorbents 
30wt% 
aqueous 
solutions 
CO2 Loading 
g-CO2/L-soln. 
Effective 
Cyclic Capacityc 
g-CO2/L-soln. 
% Diff 
Cyclic 
Capacity 
(based on MEA) 
Absorber 
conditiona 
Regeneration 
conditionb 
4 IPAE 93.9 27.2 66.7 79.30 
8 2PPM 97.2 37.2 60.0 61.29 
12 DMAB 88.9 22.8 66.1 77.68 
14 DEAE 89.4 20.0 69.4 86.55 
19 MEA 117.4 80.2 37.2 - 
20 DEA 67.8 25.9 41.9 - 
21 MDEA 55.0 11.1 43.9 - 
a Temperature 40 , CO2 partial pressure 20kPa, b Temperature 120 , CO2 partial pressure 100kPa, 
c Difference of CO2 loading between 40  (20kPa) and 120  (100kPa) under equilibrium condition 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Nomination of novel absorbents 
Figure 6 illustrates the relation of reaction heat on absorption rate and cyclic capacity for novel amines (IPAE, 
2PPM, DMAB and DEAE) in this work with conventional amines. As mentioned earlier in Figure 1, heat of reaction 
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Figure 6. Experimental performances comparison of this work four different absorbents [4. IPAE, 8. 2-PPM,  
12. DMAB, and 14. DEAE] with three conventional absorbents [19. MEA, 20. DEA and 21. MDEA]  
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had a trade-off relation on absorption rate and cyclic capacity for primary (MEA), secondary (DEA) and tertiary 
(MDEA) amines. That is, the absorbents of low heat of reaction usually had the feature of low CO2 absorption rate 
and high cyclic capacity. However, the results in this study showed that IPAE, 2PPM, DMAB and DEAE absorbents 
were plotted at outside of the trade-off relationship formed by the conventional amine absorbents. From figure 6 
absorbents three novel parameters as follows: 
Absorption Rate: MEA>IPAE>2PPM>DMAB>DEAE>MDEA 
Cyclic Capacity: DEAE>IPAE>DMAB>2PPM>MDEA>MEA 
Reaction Heat: MDEA=DEAE<DMAB<IPAE<2PPM<MEA 
To sum up the experimental results, IPAE, 2PPM, DMAB and DEAE have high possibility to use it efficiently for 
CO2 capture from atmospheric pressure gas. 
5. Conclusions 
In the present paper we investigated seven synthetic and eleven commercial amine based absorbents with systematic 
modification of their chemical structures (e.g. aliphatic monoalkanolamines, aliphatic dialkanolamines and cyclic 
alkanolamines, etc.) and alkyl substituents (e.g. methyl, ethyl, propyl, etc.) around the amino group. It has been 
shown that the placement of functional groups within the amino group affects CO2 absorption-regeneration 
performances. Thus, there is a structure-performance relationship between amino alcohols and CO2 capture 
performance. Three laboratory experiments, which were gas scrubbing test, reaction calorimetry and vapor-liquid 
equilibrium measurement, were conducted in order to obtain fundamental information on their absorption rate, 
saturated CO2 loading, absorption capacity, heat of reaction and cyclic capacity. The results of these absorbents 
were then compared with conventional absorbents MEA and MDEA which were chosen as the base case for all 
comparisons. We found four high performance absorbents namely IPAE, 2PPM, DMAB and DEAE with 
advantages of high absorption rate, high cyclic capacity and low heats of reaction compared with MEA and MDEA. 
It is expected that the use of lower reaction enthalpy and higher absorption rate above mentioned absorbents can 
reduce absorbent regeneration energy costs significantly. Studies on advanced formulated absorbents from the 
viewpoint of the concentration and ratio of amines and their CO2 absorption mechanisms into amine-containing 
aqueous solutions are now underway and also the developed absorbents are on the scale-up stage with pilot test 
plant. 
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